Abstract-Differential signaling has become a popular choice for high-speed digital interconnection schemes on printed circuit boards (PCBs), offering superior immunity to crosstalk and external noise. However, conventional differential lines on PCBs still have unsolved problems, such as crosstalk and radiated emission. When more than two differential pairs run in parallel, a line is coupled to the line adjacent to it because all the lines are parallel in a fixed order. Accordingly, the two lines that constitute a differential pair are subject to the differential-mode crosstalk that cannot be canceled out by virtue of the differential signaling.
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Abstract-Differential signaling has become a popular choice for high-speed digital interconnection schemes on printed circuit boards (PCBs), offering superior immunity to crosstalk and external noise. However, conventional differential lines on PCBs still have unsolved problems, such as crosstalk and radiated emission. When more than two differential pairs run in parallel, a line is coupled to the line adjacent to it because all the lines are parallel in a fixed order. Accordingly, the two lines that constitute a differential pair are subject to the differential-mode crosstalk that cannot be canceled out by virtue of the differential signaling.
To overcome this, we propose a twisted differential line (TDL) structure on a high-speed multilayer PCB by using a concept similar to a twisted pair in a cable interconnection. It has been successfully demonstrated by measurement and simulation that the TDL is subject to much lower crosstalk and achieves a 13-dB suppression of radiated emission, even when supporting a 3-Gb/s data rate.
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I. INTRODUCTION
T HE EVER-increasing processing speed of microprocessor motherboards, optical transmission links, intelligent hubs, and routers, etc., is forcing the off-chip data rate into the gigabit-per-second range [1] . In the last decade, high data rates were achieved by massive parallelism, with the disadvantages of increased complexity and cost for integrated circuit (IC) packages and printed circuit boards (PCBs). For this reason, the off-chip data rate should move to the range of gigabit-per-second-per-pin in the near future. Indeed, the design roadmap of the Semiconductor Industry Association (SIA) forecasts that a board-level clock frequency will be over 1 GHz in 2005 [2] . In order to ensure reliable operation at such a high data rate, differential signaling has become a popular choice for multigigabit digital applications [3] . Differential signaling implies that two signal traces are generated with equal magnitudes with a 180 phase difference between the two. One benefit of the differential signaling is the suppression of radiated emissions due to the cancellation of magnetic fields resulting from opposing current flows. From a signal integrity standpoint, differential signaling has the ability to reject common-mode noise, such as crosstalk, simultaneous switching noise (SSN), and power supply and ground bounce noise [4] , [5] . In order to support the differential signaling, differential lines are required. Conventional differential line structures on multilayer PCBs include coupled microstrip lines (MCLIN), coplanar strips, edge-coupled striplines, and broadside-coupled striplines [3] . However, all of these have an unsolved problem, namely, differential-mode crosstalk between neighboring differential pairs. When more than two differential pairs run in parallel, as shown in Fig. 1 , a line is mainly coupled to the adjacent line because all the lines are parallel and in a fixed order. Accordingly, the two lines that constitute a differential pair are subjected to differential-mode crosstalk, which cannot be canceled out by virtue of differential signaling. As the spacing between two neighboring differential pairs is reduced and the rise times of digital signals become shorter, crosstalk becomes a more severe problem, strongly influencing the reliability and the signal integrity of the system. It generates additional delays, skews, jitters, or false switching of digital logic, degrading the noise margin and the timing margin of the system [4] , [5] .
To overcome this, we propose a twisted differential line (TDL) structure on a high-speed multilayer PCB. It has been successfully demonstrated by measurement and simulation that the TDL is subject to much lower crosstalk and achieves a 13-dB suppression of radiated emission when supporting a 3-Gb/s data rate. 
II. PROPOSED TWISTED DIFFERENTIAL LINE STRUCTURE
As is well known in the field of cable interconnection, a twisted pair provides a simple means of reducing the susceptibility to external noise [4] . Because the signal and return wires are intertwined, any external noise collected by one wire is also collected by the other wire. Therefore, a differential receiver can be directly used at a receiving end to filter out the common signal in both wires. It is also well known that the reduced loop area formed by the signal and return wires of a twisted pair greatly minimizes radiated emission. Fig. 2 shows the proposed TDL structure, where the concept of the twisted pair is implemented on a high-speed multilayer PCB by using two-segmented conductor traces on a first and a second layer of the PCB, crisscrossing each other using many vias. The TDL has several advantages because of its physical configuration. First, the reduced loop area and opposing current flows formed by the TDL greatly minimize radiated emission as shown in Fig. 3(a) . Second, the TDL increases the effective spacing of neighboring differential pairs as shown in Fig. 3(b) . Because any two formerly nearest-neighbor lines (see Fig. 1 ) are periodically transposed [6] , the effective spacing between the two increases, thereby reducing the average mutual capacitance and inductance. Third, a quarter of a period offset scheme on the TDL (named offset TDL) provides a balanced operation for each differential pair, thereby reducing the differential-mode crosstalk between neighboring differential pairs, as shown in Fig. 3 (c) [7] .
However, both the TDL and offset TDL may exhibit considerably more current crowding in the edge of conductors, similar to the edge-coupled stripline, which can lead to significant increase in loss compared to typical lines [8] . To overcome this, we also propose a vertical TDL, as shown in Fig. 4 , where the two conductor traces overlap vertically, and they widen only when they are twisted by changing layers. Because the two lines are broadside-coupled, the conductor loss due to the current crowding can be reduced. Furthermore, by applying the offset scheme to the vertical TDL, we can accommodate 1.5 times more lines than those afforded by either TDL or offset TDL in the same area.
III. PROPAGATION CHARACTERISTICS
We conducted a full wave analysis on the TDL to determine its propagation characteristics. Because the TDL is a periodic structure, the finite difference time domain (FDTD) method based on periodic waveguide theory can be used [9] . According to that theorem, a unit cell analysis is sufficient for characterization of the entire structure, saving considerable computational resources. A unit cell can be defined as shown in Fig. 5 . We assumed that 0.3-mm-thick FR4 substrate having a relative dielectric constant of 4.5 is placed between the two layers, and elsewhere, air is assumed. Applying an electric field between the two neighboring vias sets the initial condition. With a predetermined propagation constant , the FDTD simulation was performed to obtain an impulse response. The peak frequency of the modes corresponding to can be obtained by the fast Fourier transform (FFT) of the impulse response. Repeating the FDTD simulation and the subsequent FFT with sweeping gives a dispersion diagram. The first branch of the dispersion diagram is presented in Fig. 6 . The interest in periodic waveguide structures arises from the two basic properties, namely 1) passband/stopband characteristics, and 2) the slow wave effect [10] . For the TDL, the simulation results show that a stopband does not appear below 25 GHz. Furthermore, it is clearly demonstrated from the linear dispersion diagram that the TDL supports quasi-TEM mode above 10 GHz. In addition, the TDL test pattern has a slow wave factor (SWF) of 2.33 because the total routing length is increased by twisting. This results in an increased time delay, which makes inroads on the timing margin for a high-speed digital system. Therefore, this should be balanced against the improvement in noise immunity.
The electromagnetic field profiles of the -cross section at several points on the -axis are shown in Fig. 7 . It should be noted that the propagating wave is well confined in the TDL and is circularly polarized. The TDL functions as a solenoid, one of the most efficient structures to confine electromagnetic fields, thereby prohibiting them from radiating. Furthermore, the FDTD simulation gives all of the three-dimensional components of an electromagnetic field at each lattice point of the unit cell, from which we can calculate the differential impedance of the TDL. This is easily controlled, over a wide range, by changing the number of twists and by changing the dimension of lines and vias. As long as the rise time remains at least three times bigger than the total delay through a via, the via acts as a single lumped-element reactance, that is either an incremental shunt capacitance or an incremental series inductance [11] . Since the impedance of the TDL is affected by this incremental reactance, the design of an optimized via is very important. Any three-dimensional field simulation is helpful in optimizing via from the early stage of design, thereby controlling the impedance of the TDL.
IV. EQUIVALENT CIRCUIT MODELING
In this section, we describe an equivalent circuit model of the TDL. The advantages of the TDL are demonstrated by quantitative comparison of its extracted model parameters with those of the MCLIN. Fig. 8 illustrates an equivalent circuit model of two coupled differential pairs per unit length. The parameters (resistance), (capacitance), and (inductance) represent differential-mode signal propagation in each differential pair. Crosstalk between the two differential pairs is represented by mutual inductance between the differential pairs ( ) and mutual capacitance between the differential pairs (
). Fig. 9 shows a test pattern and its corresponding model. Cascaded connection of unit cells, where is determined based on the line length and the highest frequency of interest, represent the complete coupled differential pairs [12] .
was chosen as 100 for modeling 100-mm-long differential pairs for frequencies up to 3 GHz. The model parameters were extracted by scattering parameter (S-parameter) measurement and a subsequent parameter fitting process [13] . The detailed modeling procedure is summarized in Fig. 10 . First, the single-ended four-port S-parameters were measured, while the other ports were terminated with 100-chip resistors. After de-embedding the connector pad effect [14] , they were transformed into the differential-mode two-port S-parameters based on mixed-mode S-parameter theory [15] . The differential-mode S-parameters were also calculated by circuit simulation of the equivalent circuit model. Then, the simulated S-parameters were compared with the measured S-parameters. Changing the values of the model parameters continued until the fitting process minimized the difference between the two sets of parameters. Finally, the extracted model parameters were confirmed by comparing the SPICE simulation, based on the model, with time domain crosstalk measurement.
Using the modeling procedure described above, we modeled four types of differential lines: the MCLIN, TDL, offset TDL, and vertical TDL (with the offset scheme). Each of these had been designed to have the same gap between the two differential pairs and a differential impedance of 100 with the assistance of the FDTD simulation, which was confirmed by the calculated differential impedance from the measured S-parameters [16] .
The extracted model parameters are listed in Table I . First, the mutual inductance becomes considerably smaller in the TDLs, because the magnetic fields generated by two consecutive loops cancel each other. Second, the mutual capacitance is also greatly reduced by applying the offset scheme. It enables the two lines in a differential pair to be equally influenced by adjacent lines, reducing the capacitive crosstalk between neighboring differential pairs. As a result, the mutual capacitance of the offset TDL or the vertical TDL is only approximately 10% of that of the MCLIN. Finally, as expected, the vertical TDL exhibits the smallest attenuation constant.
V. MEASUREMENT OF CROSSTALK, RADIATED EMISSION, AND EYE DIAGRAM
We measured the far-end crosstalk (FEXT) voltage waveform of the four test patterns using time domain transmission (TDT) as shown in Fig. 11(a) . A differential step pulse of 500 mV and 30-ps rise time was input to one end of a differential line, and the FEXT voltage waveform was measured at the far end of the other differential line, while the remaining ports were terminated with 100-chip resistors. First, the FEXT of the TDL was reduced to 121 mV, compared with the MCLIN at 173 mV, by virtue of the increased effective spacing between the two differential pairs. Second, the FEXT of the offset TDL was significantly reduced to 14 mV: less than 10% of that of the MCLIN. It should be noticed that the offset scheme improves the crosstalk immunity further. Third, the vertical TDL showed a similar performance to the offset TDL. These results clearly demonstrate the validity of our design concept. Furthermore, as shown in the Fig. 11(b) , the crosstalk waveform obtained by simulation based on the equivalent circuit model is in good agreement with the measured waveform.
We also measured the radiated emission spectrum in an anechoic chamber, as shown in Fig. 12 . Because a 100-MHz digital clock was applied using a crystal oscillator, the spectrum is composed of the harmonics of 100 MHz. In order to feed the differential signals, unshielded twisted pair (UTP) cables and baluns (dc 600 MHz) were used. All the devices except the test pattern were well shielded, and the test differential line was terminated with a 100-chip resistor. For the MCLIN, the peak was 43.36 dBmW at the third harmonic, whereas the peak was only 56.63 dBmW for the TDL. Therefore, the TDL achieved a 13-dB suppression of radiated emission compared with the MCLIN by virtue of the reduced loop area and opposing current flows. The transmission bandwidth of the TDL was found to be maintained at a similar level to the MCLIN by the eye diagram measurement, as shown in Fig. 13 . A differential 3-Gb/s nonreturn-to-zero (NRZ) pseudo-random bit sequence (PRBS) was used. When a pulse pattern generator was directly connected to a digital sampling oscilloscope without passing through any test pattern, the peak-to-peak jitter at the zero-crossing point was measured at 14.83 ps, and the eye height and width were 381 mV and 312 ps, respectively. For the MCLIN, the peak-to-peak jitter, the eye height and width were 29.65 ps, 310 mV, and 300 ps, respectively. However, for the TDL, the peak-to-peak jitter, the eye height and width were 31.39 ps, 300 mV, and 294 ps, respectively. At a glance, the TDL was expected to have a much more distorted eye diagram than the MCLIN because it has many discontinuities due to vias and segmented traces. However, the intersymbol interference (ISI) [5] of the TDL is not as great as expected. The clear eye diagram of the TDL demonstrates a successful digital data transmission over 3 Gb/s.
In addition, when several differential pairs run in parallel, the transmission bandwidth is strongly affected by the crosstalk between the differential pairs as well as the ISI. Therefore, we produced an eye diagram simulation using a circuit simulator and a three-line model [5] . Assuming that three differential pairs would run in parallel, we assigned the middle differential pair as the victim. A NRZ PRBS was independently input to each differential pair. In order to estimate the worst case skew, every combination of the even and odd mode between the three differential pairs was taken into consideration. The model parameters extracted previously were used in the three-line model. As shown in Fig. 14 , the MCLIN has the worst case skew of nearly 50 ps. However, the offset TDL has a worst case skew of less than 10 ps. Because every differential pair is well balanced by the offset scheme in the TDL, the phase velocity does not depend significantly on the pulse patterns, thereby reducing the worst case skew.
So far, we have investigated various designs of TDL structures. It was clearly demonstrated that the TDL is subject to lower crosstalk and achieves considerable suppression of radiated emission. Although the signal quality in the TDL and offset TDL seems to be degraded by more current crowding effect in the edge of conductors, the vertical TDL shows even better performance than the conventional MCLIN because the two lines of the vertical TDL are broadside-coupled. At design, optimization of the tradeoff between the transmission bandwidth and the noise immunity should be determined. The most critical design parameter is the number of twists. It was found that adding more twists increases the attenuation constant as well as the time delay, which is mainly resulted from the increased routing length. However, the number of twists does not significantly change the crosstalk immunity. Since both and can be considerably reduced only if the offset scheme is adopted, moderate number of twists is preferable, which are at most less than 10 for a 100-mm-long signal link.
VI. CONCLUSION
Since the adoption of differential signaling, crosstalk has remained a major problem as the required data rate has continually increased. We propose a twisted differential line (TDL) on a high-speed multilayer PCB using the concept of a twisted pair in cable interconnections. The reduced crosstalk and suppressed radiated emission of the TDL is a remarkable achievement while maintaining the transmission bandwidth. Furthermore, because the lines of the TDL are tightly coupled to each other and the electromagnetic fields are well confined, the effect of the reference plane discontinuity [8] becomes minimal. Even without a ground reference plane, the TDL can support data transmission at a very high data rate.
Therefore, the proposed TDL delivers a promising solution for high-speed and high-density digital interconnection designs on PCBs in spite of the increased manufacturing cost. Although our consideration in this paper was limited to PCB-level interconnections, TDL can be readily applied to other level interconnections, including packages, connectors, and chips.
